Channeling cracks in low-k dielectrics have been observed to be a key reliability issue for advanced interconnects. The constraint effect of surrounding materials including stacked buffer layers has been studied. This paper analyzes the effect of interfacial delamination on the fracture condition of brittle thin films on elastic substrates. It is found that stable delamination along with the growth of a channel crack is possible only for a specific range of elastic mismatch and interface toughness. An effective energy release rate is defined to account for the influence of interfacial delamination on both the driving force and the fracture resistance, which can be significantly higher than the case assuming no delamination.
INTRODUCTION
Integration of low-k and ultralow-k dielectrics in advanced interconnects has posed significant challenges for reliability issues resulting from compromised mechanical properties. Two common failure modes have been reported, one for cohesive fracture [1] and the other for interfacial delamination [2] . The former pertains to the brittleness of low-k materials subjected to tension, and the latter manifests for poor adhesion between low k and other materials [3] . This paper considers a possible failure mode with concomitant cohesive fracture and interfacial delamination. One common cohesive fracture mode for thin films under tension is channel cracking (Fig. 1) . Previous studies have shown that the driving force for the steady state growth of a channel crack (i.e., energy release rate) depends on the constraint effect of surrounding layers [1, 4] . For a brittle thin film on an elastic substrate, the driving force increases for increasingly compliant substrates [5, 6] . The effect of constraint can be partly lost as the substrate deforms plastically [7] or creeps [8] . More recent studies have focused on the effects of stacked buffer layers [4, 9] and patterned film structures [1] . In most of these studies, the interfaces between the film and the substrate or the buffer layers are assumed to remain perfectly bonded as the channel crack grows in the film (Fig. 1a) . However, the stress concentration at the root of the channel crack may drive interfacial delamination [10] . While some experimental observations clearly
where ) (z δ is the opening displacement of the crack surfaces in the 2D model.
INTERFACIAL DELAMINATION FROM CHANNEL ROOT
Consider an interface crack emanating from the channel root at each side (Fig. 1b) . Far behind the channel front, the energy release rate (ERR) for the interface crack is
where d is the width of delamination and Z d is a dimensionless function that can be determined from a finite element model. When
, the interface crack reaches the steady state with
which is independent of the crack length as well as the elastic mismatch. The same problem was studied by Ye et al. [10] , and two different edge effects on the interfacial delamination were analyzed by Yu et al. [13] . The steady state is the same for all edge conditions.
The interface toughness resisting delamination depends on the mode mix [14] . Typically, the phase angle for an interface crack quickly approaches a steady state
as given in Ref. [14] . Due to the oscillatory singularity at the interface crack tip, a length scale has to be used to define the phase angle. Here we take the film thickness f h as the length. When (iii) When
Similar to Case (ii), there are three possibilities. However, since the ERR now approaches zero for very short cracks, for both the spontaneous debonding and stable delamination, a critical initial defect size is required for the interface crack to grow, which sets a barrier for the initiation of delamination. Based on the above discussion, we construct a map for the different interface behavior in Fig. 3 , for different combinations of elastic mismatch and interface toughness. Three regions are identified. Of particular interest to the present study is Region III, where a stable delamination can develop along with the channel crack. The stable delamination width, s d , can then be determined as a function of the interface toughness, by setting
